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Defect engineering is a valuable tool to tune the properties of metal—organic frameworks. However, defect
chemistry remains still predominantly limited to UiO-type MOFs. We describe the preferential formation of
missing cluster defects in heterometallic titanium-organic frameworks of the MUV-10 family when
synthesised in sub-stoichiometric linker conditions. Our results show the value of integrating
experimental work, computational modelling and thorough characterization in rationalizing the impact
of defects over the porosity and structure of this family of materials. Correlation of experiment with
computational models reveals the dominance of missing cluster vacancies in the pore size distribution of
defective MUV-10. These same models were used to investigate the correlation of defects by
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Introduction

The presence of defects in crystalline structures has a direct
impact on the properties of the material.* This is also the case of
metal-organic frameworks (MOFs),> where the introduction of
defects leads to changes in their mechanical and physical
properties,*>* porosity>® and density of open metal sites.”® This
has a direct impact on their performance in applications such
as gas storage,’ separation or catalysis'® among others, thus
justifying the increasing interest that the chemistry of defects in
MOFs has received over the past decade.>™

The possibility of controlling the concentration and distri-
bution of defects by systematic control of the synthetic condi-
tions is arguably key to use defect engineering as a rational tool
for the design of functional frameworks. The structural
complexity of defective MOFs was initially demonstrated in
2011 for UiO-66(Zr), with thermal decomposition profiles
showing a lower linker decomposition step and EXAFS agreeing
to a loss of ligands in the first coordinating shell of Zr." It was
not until 2014, that the possibility of creating structurally
correlated defective nano-domains with reo topology was
experimentally demonstrated by Cliffe et al. for UiO-66(Hf) by
using X-ray scattering and pair distribution function (PDF)
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high-resolution electron microscopy methods for modelling nanoscale disorder in titanium MOFs.

measurements.” This seminal work challenged the accepted
randomness of defect chemistry and opened the door to the
possibility of gaining synthetic control over the spatial distri-
bution and prevalence of metal-oxo cluster vacancies.

Since then, different groups have dedicated significant
efforts to understand the factors that control the formation,
relative concentration and structural distribution of the
different types of defects (missing linker and cluster) that can be
generated in UiO-type MOFs at nanometric** or even atomic
resolutions, by using Scanning Electron Diffraction (SED) or
High-Resolution Transmission Electron Microscopy
(HRTEM)."” These works highlight the willingness of UiO pha-
ses to form correlated defect domains,'® arguably due to the
moderate energy penalty between the fcu topology of the perfect
framework and the reo, scu, bcu and hcp defective phases that
have been identified thus far.'>'7®

Overall, these results suggest that the particular ability of the
UiO, and other families of MOFs based on Zr/Hf clusters with
high coordination numbers, to generate defective phases is
associated with the versatility of 12-connected ZrsOg/HfsOg
inorganic nodes to reduce their number of connections and
accommodate a high concentration of defects while maintain-
ing the stability of the resulting framework.'®** This has moti-
vated many different groups to use this MOF family as a model
to explore the possibilities offered by defect chemistry with very
little attention paid to other frameworks or secondary building
units (SBUs). To the best of our knowledge, UiO remains the
only framework capable of inducing the formation of structur-
ally ordered defective phases even though the number of MOFs
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reported continues to increase exponentially.*® The possibility
of forming structurally correlated domains of defects in other
frameworks based on SBUs with different chemistries and
connection points remains still an open question.

In this context, we have recently reported a systematic study
on the ability of mono- and dicarboxylic modulators to promote
defectivity in titanium-organic frameworks.”® Our results
confirmed that the nucleation and crystallization of 8-3 con-
nected MUV-10 ** (MUV = Materials of the Universitat de
Valencia) in acetic acid can be also modulated and the use of
isophthalic acid generates defective phases with near 40% of
missing linkers, a concentration of defects that is comparable to
the values reported for the reo phase of UiO.>** Following our
interest in tailoring the creation of defects for non-UiO frame-
works, here we describe the ability of MUV-10 to accommodate
the formation of defective phases with a lower degree of topo-
logical connectivity by the controlled generation of missing
cluster vacancies when synthesized in sub-stoichiometric
concentrations of the linker. Our results also show the value
of integrating experimental work, computational modelling and
thorough characterization in rationalizing the impact of defects
over the porosity and structure of the resulting phases.

Results and discussion

MOFs' self-assembly and growth rely on complex equilibria that
can include the deprotonation of organic species, their
complexation to metal ions, and the termination of the crystal
faces, all with a direct impact on the kinetics of nucleation and
crystallisation of the framework and/or on the incorporation of
defects.”® These complex equilibria are generally manipulated
by the addition of acidic modulators, that compete with the
linker for metal-complexation and/or inhibit its deprotona-
tion.>* Recent works show that the concentration of the linker
can be also an effective variable to reduce crystal size during
MOF synthesis in absence of external modulators.* In view of
these results, we hypothesised that reducing the concentration
of the linker below the stoichiometric ratio might also have
a significant impact in controlling the assembly and crystal
growth of MUV-10 (Fig. 1a). We were particularly interested in
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Fig.1 (a) Proposed generation of missing cluster vacancies as result of
linker depletion. (b) Synthetic sets designed to study the effect of sub-
stoichiometric concentrations of btc in the formation of defective
MUV-10 phases. The solid line indicates the btc equivalents and mol%
fixed by the unit formula.
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whether the unavailability of sufficient linker concentration
required for stoichiometric metal-complexation might favour
the formation of vacancies for defective phases with lower
connectivity. Compared to the use of modulators, linker
depletion in less often used as a synthetic tool for controlling
the formation of defective MOFs.>**” We argued the persistent
nature of MUV-10 secondary building units, that can be isolated
in a broad range of synthetic conditions and are compatible
with the assembly of isoreticular frameworks as MUV-12,>®
would be ideal for investigating this possibility.

Starting with the reported synthesis of [(Ti",Ca",(us-
0),)(H,0)4(btc),.66] (btc = benzene-1,3,5-tricarboxylate anion),
the reaction of stoichiometric amounts of the metal precursors
and a slight excess of btc (1.5 ratio, that is 1.13 equivalents) in
the presence of acetic acid as a weak acid modulator, we
systematically decreased the concentration of btc available for
crystal growth by fixing the number of btc equivalents to 0.75,
0.56, 0.38 and 0.23. As shown in Fig. 1b, we carried out 5 reac-
tions for these number of equivalents, and labelled the isolated
solids accordingly as 113, 75, 56, 38 and 23%. See ESI Section
S27 for the detailed synthetic conditions of all samples.

All the samples were isolated and washed thoroughly by
Soxhlet extraction in methanol overnight before character-
isation unless otherwise stated. The powder X-ray diffraction
(PXRD) patterns of all solids confirm the formation of crystal-
line MUV-10 phases. We observe a significant increase of the
scattering at low angular values as the amount of btc is reduced
which might be associated to the competing formation of an
amorphous phase (Fig. 2b). Scanning Electron Microscopy
(SEM) imaging shows changes in the morphology of the parti-
cles, with shapes evolving from octahedral to truncated octa-
hedra and more irregular surface terminations (Fig. 2a, ESI
Section S3.1%). The size of the crystals progressively increases
with the depletion of btc from near 3 um (113%) to close to 11
um for 23%, with narrow size dispersions in all cases (Fig. 2c).
This behaviour seems to suggest a slower metal-ion complexa-
tion for decreasing linker concentrations, that slows down the
nucleation and crystallisation kinetics.* These results contrast
with the synthesis of MUV-10 in presence of additional benzoic
acid or isophthalic acid acting as modulators,** for which the
particle size was reduced or maintained regardless of their
concentration, more indicative of an effective crystal growth
capping due to stronger metal coordination ability.

The samples were acid-digested and analysed with "H-NMR to
study the effect of linker depletion on the chemical composition
of the resulting frameworks. Fig. 2d and Tables S3-51 show the
mole percent (mol%) of acetic (AcOH) and formic acid (fa)
incorporated into the solid vs. the equivalents of btc added in the
synthesis (ESI Section S3.21). The amount of fa + AcOH steadily
increases for increasingly lower btc concentration. However,
while fa content increases rapidly to reach a plateau near to 10%
for the 75% sample, and shows slight variations for lower btc
concentrations, the AcOH incorporation follows a different
trend, with an exponential increase that remains below fa up to
56%. Assuming that the amount of fa generated by the decom-
position of DMF in acid media is constant thorough the series,
this is consistent with our reported simulations that show that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) SEM pictures comparing the changes in size and morphology of MUV-10 crystals formed for decreasing btc concentrations. (b) PXRD

patterns of all samples compared to the simulated diffraction fingerprint of pristine MUV-10. (c) Evolution of the particle size with decreasing btc
equivalents. (d) Molar percent of linker, acetic acid, formic acid incorporated into the framework for decreasing concentrations of btc deter-
mined with *H-NMR analysis. (e) Comparison of the amount of the different capping ligands incorporated to the framework upon linker
depletion. Values estimated by NMR-TGA analysis of each experimental data set. (f) N, adsorption (filled symbol) and desorption (empty symbol)
isotherms at 77 K showing the progressive changes in the uptake profile and the Rouquerol surface area with the concentration of the btc used in

the synthesis.

the introduction of fa to the framework is 0.4 eV more favourable
thermodynamically than AcOH.** Fa ligands are mainly incor-
porated to the structure at higher btec concentrations until its
concentration in solution is depleted and AcOH starts to incor-
porate to the structure. A detailed analysis with energy-dispersive
X-ray spectroscopy (EDX) and ICP of the experimental Ti: Ca
ratios in our defective samples reveals an increase in the tita-
nium content for samples produced at btc below 75%. (ESI
Section S3.5t). Though our synthetic controls, in which the

© 2021 The Author(s). Published by the Royal Society of Chemistry

totality of linker was removed, did not result in precipitation or
turbidity, this experimental divergence from the theoretical
value suggests the formation of competing phases rich in tita-
nium upon depletion of the linker. The FT-IR spectra of the
samples were used to confirm the absence of free acid in the
solids that might compromise the analysis (ESI Section S3.37).
We also observe a broadening of the carboxylate band compared
to pristine MUV-10 and new O-C-O sym/assym (ca. 1536 cm ™)
and COO-3 (ca. 1019 cm ') vibrations characteristic of
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coordinated carboxylate anions, that increase in intensity with
btc% reduction and the incorporation of fa/AcOH.

The thermogravimetric decomposition profiles are consis-
tent with a decrease of the btc mass loss at ca. 450 °C
concomitant to an increase in the relative weight of defect-
compensating species, that decompose between 200 and
400 °C (ESI Section S3.41). The defective frameworks prepared
under linker deficient conditions display only a small decrease
in thermal stability of near 55 °C compared to pristine MUV-10.
We analysed the thermal decomposition profiles in combina-
tion with the information extracted from the "H-NMR study by
using a reported method and assuming a model structure with
formula [TiCaO(H,0),,(btc),(fa),(AcOH)(OH)p].** Fig. 2e shows
the evolution of the number of btc and defect-compensating
molecules per unit formula with the btc equivalents used in
the synthesis. We observe a progressive decrease of btc in the
solids that is counterbalanced by the incorporation of hydroxyl,
acetate and formate anions for increasing degrees of defectivity.
As anticipated by the NMR study, the incorporation of AcOH
dominates over fa for the low btc region. However, our analysis
shows that OH™ anions are the preferred ligands for compen-
sating the charge upon linker removal in all the samples ana-
lysed. We argue this is a result of the exchange of fa/AcOH
ligands incorporated in the synthesis with OH /H,O pairs
during the Soxhlet treatment in wet MeOH. Ligand replacement
in similar conditions has been well documented for defective
UiO-66 frameworks.***' Our calculations reveal a maximum of
near 33% missing linkers in the lattice for the 56% sample. This
value is in the range of the reported value for defective MUV-10
synthesized in presence of isophthalic acid, and directly
comparable to the values reported for 8-connected bcu and reo
topologies for UiO-66 frameworks.”” We collected the N,
adsorption gas isotherms after degassing the samples overnight
at 60 °C and 10~ ° torr (Fig. 2f). The samples display a progres-
sive decrease in the nitrogen uptake at low pressures upon
depletion of the linker, concomitant to the reduction of the BET
area values calculated in the microporous region. We also
observe the appearance of a hysteresis loop at 0.4 < P/P, < 0.8
more characteristic of a mesoporous material (ESI Section
S.3.67). The defective samples suggest a stronger deviation from
the perfect MUV-10 behaviour with the reduction of the amount
of bte. This is possibly due to the competing formation of dense,
amorphous phases for a negative impact in the surface area of
the resulting materials.

Rather than looking into all the samples available, we
decided to analyse in detail the origin of defectivity only for
MUV-10 75%, which is the only defective sample that displays
aTi : Ca ratio close to 1. Our compositional analysis [(Ti,Cay(};-
0),)(H,0)4(btc) 20(fa)o.24(OH)1.10]** though, cannot establish
the origin of the defectivity in MUV-10 samples that could
equally arise from missing-linker, missing-cluster defects or the
coexistence of both. This complex scenario was beautifully
illustrated by Liu et al," that demonstrated with HRTEM at
sub-unit-cell resolution the coexistence of different types of
defects in UiO-66 crystals with variable populations depending
on the synthetic conditions. To tackle this problem, we opted to
use a combination of computational modelling, detailed
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analysis of the changes in the pore size distribution, and
synchrotron X-ray diffraction.

A btc : cluster ratio (L/C) of 2.20 will correspond to 0.25
missing clusters or 1.5 linkers per unit cell (3 clusters and 8
linkers for non-defective MUV-10). Considering a 2 x 2 x 2
supercell (24 clusters and 64 linkers), this would correspond to
2 missing clusters (2MC) or 12 missing linkers (12ML), for
simplicity, we focused on isolated missing linker or missing
cluster defects and discarded their coexistence for our study
(Fig. 3). To support our analysis, we model the defective struc-
tures in MUV-10 consistent with the linker-to-cluster ratio of 2.2
estimated for the 75% sample. Fig. 3b and ¢ shows the topo-
logical models representative of both types of defects in MUV-
10. In this supercell, the introduction of 2 missing clusters
generates 7 symmetry inequivalent configurations compared to
more than 8.6 x 10° generated by introducing 12 missing
linkers.*»* By using Materials Studio 2017 R2, we generated
crystallographic files for all the missing cluster configurations
and limited the configurational space to only 12 entries for the
missing linker case. All crystallographic files have been
included as ESLf}

The simulation of the pore size distributions of the different
configurations with Zeo++ (ref. 34) shows clear differences that

b)

c)

Fig. 3 (left) 2 x 2 x 2 supercell topological depiction of MUV-10 (a)
pristine, (b) 2MC and (c) 12ML representative defective structures; blue
spheres represent metal clusters, yellow sticks linkers and red spheres
and sticks indicate missing clusters and linkers. (right) Contour plots
showing occupied (grey) and free (blue) volume created using the both
task with a Connolly radius of 1.0 A and a maximum solvent radius of
2.0 A,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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can be associated with each type of defect. Compared to the
perfect MUV-10 lattice that shows a single contribution centred
around 10 A, the introduction of missing clusters features
a distinctive contribution at 11 A, which differentiates it from
the heterogeneous contributions that are generated only below
10 A for the missing linker case. The N, isotherm of MUV-10
75% was used to model its experimental PSD by using
Nonlinear Density Functional Theory (NLDFT). Fig. 4a shows
that the defective framework combines the micropore intrinsic
to the perfect lattice with two additional narrow signals corre-
sponding to smaller and bigger micropores centred at 8.3 and
11 A, respectively. Comparison with the average PSD curves
corresponding to the missing cluster or missing linker type of
defects indicates that the porosity in defective MUV-10 75% is
dominated by the generation of missing cluster vacancies. For
a detailed analysis of the PSD curved calculated for all config-
urations see ESI Section S4.1.7

To evaluate the possible formation of correlated defect
domains in this sample, we analysed this sample with X-ray
synchrotron radiation at ALBA (BL04-MSPD).** PXRD patterns
of the defective structures were simulated from the corre-
sponding computational models (ESI Section S4.2t).*® Fig. 4b
shows the PXRD patterns of pristine MUV-10, MUV-10 75% and
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Fig. 4 (a) Experimental pore size distributions of pristine 113% and
defective 75% MUV-10 samples (blue) and simulated pore size distri-
butions of pristine, 12 missing linker and 2 missing cluster MUV-10 2 x
2 x 2 supercells (red). Simulated data have been shifted by —1.6 A. (b)
Experimental synchrotron PXRD pattern of 75% sample (blue) and
simulated PXRD of pristine and 2 missing cluster MUV-10 2 x 2 x 2
supercells (red).
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the simulation of the 2MC and pristine models. Structurally
long-range correlated defects shall result in characteristic
superlattice diffraction lines below Q = 0.35 A~*. However, the
high scattering at low angles of the defective sample collected at
A = 0.9532 A does not permit to identify these characteristic
features for definitive confirmation. Superlattice lines are
replaced by a diffuse scattering, which forms in the background
and can be attributed to short-range ordering.*” In such cases,
the scattering at small angles becomes less intense and low
broad maxima appear in the pattern. Furthermore, these
maxima are usually located at the same angular positions as the
sharp superlattice lines formed by long-range ordering.’” In
addition, the low scattering factor of titanium seems to impose
drastic limitations in this regard. Although this limitation has
been nicely overcome in the case of Zr-MOFs by replacement
with Hf(v),"® the synthesis of MUV-10(Hf) derivatives is not
straightforward.

Conclusions

We show that the synthesis of MUV-10 at sub-stoichiometric
linker regimes facilitates the formation of defected phases
dominated by missing cluster vacancies. Preliminary analysis
based on compositional NMR/TGA models confirms the
formation of defective phases but does not allow for a clear
understanding of the predominant type of defects. This is
accounted for by complementing the experimental data with
computational analysis. The structural models generated for
missing cluster and missing linker defects can be used to
differentiate between both cases by direct correlation with
changes in experimental pore size distribution. Our results
confirm that the porosity of MUV-10 75% can be only ascribed
to the generation of missing cluster vacancies by the presence of
bigger micropores cannot be accounted for by the missing
linker defects. Our work also reveals the short-range ordering of
Ti-MOFs and the limitations of X-ray diffraction to analyze
defect correlation in Ti-MOFs due to the limiting scattering
factor of titanium compared to Zr or Hf. Direct proof of corre-
lated disorder in this family of materials will certainly require
high-resolution microscopy experiments'® that are currently in
progress.

Data availability
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experimental information on the synthesis and characterization
of the materials are included in the ESI.{
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